To reduce the measurement uncertainty of a commercial high pressure capillary viscometer additional temperature sensors and a heat trap were added. These elements allow one to determine the effect of frictional heating and measure volumetric flow rate independent of test temperature. Elements of the viscometer critical to its function were designed based on national norms. The Bagley correction and corrections for temperature and pressure dependence of the viscosity were calculated. The viscosity of poly a-olefin was determined from viscometer data (absolute measurement) and the uncertainty was
Introduction
High pressure capillary viscometer measurements are used to determine Newtonian limits of viscosity standards and to characterize the high shear behavior of non-Newtonian fluids.
The dynamic viscosity 11. shear stress at the wall T, and shear rate at the capillary wall 0 are determined for a Newtonian fluid using equations (1)-(3), where R is the capillary radius, L is the capillary length, Vis the volume of fluid measured, tis the measurement time and pi s the pressure difference in the capillary. The viscosity is also dependent on the measurement temperature 11.
For non-Newtonian fluids, equations (1)-(3) define the apparent viscosity llaP or the apparent shear rate at the wall Oap. The true shear rate at the wall can be determined using equation (4).
When calibrating a capillary viscometer with a Newtonian standard it is thus insufficient to determine only a single capillary constant that includes R, V, and L because, in order to determine -r and 0, one needs to know not only p and t, but also the explicit values of the capillary dimensions [1]. This paper describes how measurement uncertainty can be reduced by modifying the viscometer and calibrating those elements that influential to the measurement (capillary radius and length, temperature, pressure transducer, and volumetric flowmeter). In the absence of these precautions, uncertainty can exceed 10 %. Measurements on a poly-a-olefin mixture are presented to demonstrate the procedure. 
Description of the Viscometer
A pressure between 0.2 and 13 MPa is used to force the test fluid through a capillary. The volumetric flow rate of the extrudate is determined via two optical sensors affixed to a vertical burette positioned above the capillary.
If the viscometer is operated at high temperatures (up to 140 °C) the fluid cools as it travels up the burette. The corresponding volume contraction leads to measurement inaccuracies. Therefore, a thermally insulated quartz glass piston is affixed between the capillary exit and the burette (see Fig. 1 a, middle section). The extrudate pushes the piston into a quartz glass tube surrounded with Teflon insulation. The upper section is connected to the burette and is held at ambient temperature. This section contains n butanol as a displacement fluid for measuring the volumetric flow rate .
Even though the instrument is temperature controlled, the test fluid temperature increases during the experiment due to frictional heating. The viscosity temperature coefficient (VT-coefficient, U11) varies with fluid type and can be as large as 12 · 1 o-2 K-1 . This frictional heating causes non-negligible errors in the viscosity curve determined experimentally. Therefore, two additional Pt-1 00 temperature probes were positioned at the entrance and exit of the capillary to quantitatively determine the frictional heating (see Fig. 1 ). One can thus directly measure the temperature difference between the entrance and exit of the capillary. 
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(6) (1)- (3). In addition, calibration of the two temperature probes with a standard Pt-1 00 probe yielded an uncertainty of 0.005 oc.
Pressure and Temperature Correction
The pressure measured by the transducer must be corrected by 2.25 · 10-3 MPa due to the weight of n-butanol and the quartz glass piston. A pressure of approximately 0.2 MPa at the capillary entrance is the lower pressure limit for the system used here.
Because the capillary pressure decreases along its length, varying from the applied pressure to approximately ambient, as a first approximation the viscosity pressure correction was calculated for the median pressure in the capillary. To determine the dependence of the viscosity on pressure (VP-curve) the viscosity-pressure coefficient a of the fluid was determined. These measurements were conducted in a falling ball viscometer at pressures up to 10 MPa [2] . The VP-curve of this fluid was well approximated in the applicable pressure range by an equation proposed by Barus, 11 = 11 o · e(apl , with a = 2.2 · 10-2 MPa-1 (Fig. 2) .
To correct for frictional heating the VT-coefficient U, was calculated from the viscosity data at three temperatures using the Vogel equation [3] . The viscosity of the poly-a-olefin was measured from 20 to 100 oc using the standard Ubbelohde capillary viscometers with a relative uncertainty of 0.28 %.
At 20 oc the viscosity was 0.3789 Pas and the VT-coefficient was 0.06 K-1 .
Method
The two temperature sensors and the pressure trans ducer were connected via a digital voltmeter to a PC.
Accounting for the 1'} and p corrections required a special program running parallel with the original software. A typical experimental run in which two data points are collected is shown in Fig. 3 beginning of a measurement there is a pause while the temperature and pressure equilibrate. The shut-off valve between the holding tank and capillary is then opened (point a in Fig. 3 ). Fluid flows through the capillary into a collection reservoir (without displacing the quartz glass piston shown in Fig. 1a) , until the temperature registered at the capillary exit once again equilibrates (after increasing due to frictional heating). The valve leading into the collection reservoir is then closed (point b in Fig. 3 ) and measurement of the volu metric flow rate begins. The shut-off valve is closed after the top light beam is turned off (point c in Fig. 3 ).
The entrance and exit temperatures and the pressure are measured in 1 s intervals during the period of measurement (between the marks labeled M on the exit temperature curve in Fig. 3 ). As a first approx imation, the arithmetic mean of the temperatures at the capillary entrance and exit after equilibration is used as the measured temperature. For each individual data point, this value depends on the frictional heating. Using the VT-coefficient and the measured value of viscosity, the fluid's viscosity at a reference temperature of 20 oc is calculated to allow the results to be compared.
Results
The maximum possible frictional heating of a fluid in capillary flow can be estimated as proposed by Middleman [4] . Assuming an adiabatic system, for the parameters in this work the maximum temperature increase is 3 oc. The actual maximum frictional heating determined in the experiment was 1.47 oc as shown in the left-hand side of Fig. 3 .
Entrance and exit pressure losses are accounted for by the Bagley correction [1] . This correction was determined by measurements using capillaries with three different lengths (25, 50, and 100 mm) and it was used to correct the measured pressures. In Abb. 4 ist die relative Abweichung der mit dem Hochdruck-Kapillarviskosimeter gemessenen Viskositat des Poly-a-Oiefins von dem mit Kapillarviskosimeter Normalen gemessenen Viskositatswert von 0,3789 Pa·s in Abhangigkeit vom Geschwindigkeitsgefalle an der Kapillarenwand gezeigt. Der Ausschnitt in Abb. 4 zeigt die Viskositatskurve. Es ist zu sehen, daB bei Geschwindigkeitsgefallen bis zu 1600 s-1 die relative Abweichung kleiner als 1 % ist. Bei hi:iheren Geschwindigkeitsgefallen zeigt die Flussigkeit ein strukturviskoses FlieBverhalten, wobei auch Scher degradation nicht ausgeschlossen werden kann. Oberdeckungsfaktors k = 2 ergibt sich fur die relative Unsicherheit der MeBgri:iBe y die Gleichung (6). lm Fall einer Normalverteilung entspricht dies einem Vertrauensniveau von rund 95 % (gilt fUr aile weiteren Unsicherheitsangaben).
Ki:innen fur eine EinfluBgri:iBe x; nur eine obere und eine untere Grenze (z. B. relative Unsicherheit u'x; l abgeschatzt werden, so wird unter der Annahme einer Rheology 95 Dezember/December 1995 Abb. 3: Reibungserwiirmung von Poly-a.-Olefin: Kapillare 100 mm/0 0,4 mm; Druck 7, 578 MPa (links}, 8, 335 MPa (rechts}. Der Beginn der Volumenstrommessung ist durch eine nach oben, das Ende durch eine nach unten gerichtete Marke auf der Kurve der Ausgangstemperatur angezeigt. pressure 7. 578 MPa (left}, 8.335 MPa (right}. The time at which the volumetric flow rate is measured begins at the mark extending above the curve of the exit temperature and ends at the mark extending below the curve.
pressure correction of the viscosity values (as described above) was conducted using the Bagley corrected pressure value. Fig. 4 shows the relative deviation of the viscosity values of poly-a-olefin measured with the high pressure capillary viscometer from the values measured with the standard capillary viscometer as a function of shear rate at the wall. The insert shows the viscosity curve. One sees that for shear rates up to 1600 s-1 the relative deviation is less than 1 %. At higher shear rates, shear thinning is observed and shear degradation may be occurring.
Measurement Uncertainty
The measurement uncertainty was determined as described in reference [5] . In this method, the relative variance (s'y) 2 of a measured parameter y that depends on parameters x; (i = 1, ... r) is calculated using equation (5). Here (s'x; l 2 is the empirically determined relative variance of parameter X;. Using an overlap factor of k = 2, the relative uncertainty for the measured parameter y is given by equation (6). For a normal distribution this corresponds to a confidence interval of approximately 95 % (also used for the uncertainties given below).
If it is possible only to estimate an upper and lower limit for a given parameter x;, then, assuming a square distribution, equation (7) can be applied to estimate a value of the relative variance. From the relative uncertainties u' obtained after all calibrations (see Table) , the relative variances can be calculated using equation (7).
In addition, the contribution to the relative uncertainty resulting from uncertainty in the temperature measure ment must be considered (i. e. u' ll = U !l · utl), as well as the corresponding variance (s' TJ ( tl ) ) 2 = 1.2 . IQ-5 . The temperature uncertai nty utl was estimated as 0.1 ac; it includes not only the uncertainty associated with the calibration of the temperature probe, but also influences such as temperature variations or con duction during the temperature measurement. There are also uncertainties associated with the corrections described above. However, because these uncertain ties are small compared to the value of the measured quantities, they were neglected in this work.
The relative variance of the viscosity measurement calculated from equation (5) was (s' 11 ) 2 = 3.5 . IQ-4 . This results in a relative uncertainty u 'll = 3.8 %. Correspondingly, the relative uncertainties of the shear stress at the wall and the apparent shear rate at the wall are u ' t w = 0.9% and u ' o ap = 2.8%, respectively. These values are instrument specific; in addition, for non-Newtonian fluids the uncertainty of the true shear rate at the wall (see equation (4)) also depends on the properties of the specific test fluid.
Examining all the contributions to measurement uncertainty, one sees that the most important factor is the uncertainty in the radius of the capillary. If the capillary radius is not determined by weighing mercury, but instead via viscosity measurement of a standard Newtonian fluid (with all other parameters and corrections already known), then one obtains the following uncertainty values (for a relative uncertainty in the viscosity of the standard sample of 2.8 · 10-3): 
